To determine the mechanisms underlying the obesity-induced increase in myocardial lipid peroxidation in the faafa rat. We hypothesized that elevated heart work (ie rate-pressure product), an increased rate of superoxide (O 2 À ) production, total myocardial lipid content, andaor insuf®cient antioxidant defenses are potential contributors to myocardial lipid peroxidation in obesity. DESIGN: Comparative, experimental study of myocardial tissue in 16-week-old lean control (Faa?, normal diet), obese high-fat fed (Faa?, 45% dietary fat), and obese fatty (faafa, normal diet) Zucker rats. MEASUREMENTS: Myocardial work (heart rate Â systolic blood pressure), myocardial lipid content, oxidative and antioxidant enzyme activities (citrate synthase (CS), catalase (CAT), glutathione peroxidase (GPX), superoxide dismutase (SOD)), the rate of papillary muscle superoxide radical production in vitro, thiol content, basal and post-oxidative challenge myocardial lipid peroxidation levels using thiobarbituric reactive acid substances (TBARS) and lipid hydroperoxides (PEROX) as indices of lipid peroxidation. RESULTS: Compared to lean controls, the high-fat fed and fatty animals had similar elevations (P`0.05) in myocardial TBARS and PEROX (23%, 25% and 29% 45%, respectively; P`0.05), and elevated susceptibilities to oxidative stress in vitro following exposure to oxidizing agents (P`0.05). Resting heart work was slightly higher (P`0.05) in both the high-fat fed and fatty animals compared to controls. Myocardial lipid content, SOD activities and non-protein thiol (glutathione) levels were elevated (P`0.05) in high-fat fed and fatty animals compared to controls. The rate of superoxide formation by isolated papillary muscles in vitro did not differ among groups (P`0.05). Regression analysis revealed that the myocardial lipid content contributed most to myocardial lipid peroxidation (R 2 0.76, P`0.05). CONCLUSIONS: Myocardial oxidative injury is closely associated with myocardial lipid content, but is not closely correlated with heart work, insuf®cient antioxidant defenses or a greater rate of superoxide production.
Introduction
Recent evidence indicates that obesity is associated with increased myocardial lipid peroxidation and susceptibility to oxidative damage in vitro. 1 Investigations examining oxidative stress-induced cellular injury have shown that cellular membrane integrity can be lost due to oxidatively modi®ed lipids and proteins. 2, 3 In the heart, signi®cant oxidative injury can ultimately lead to cardiac arrhythmias, poor contractility, infarction, cardiac failure or sudden death. 4, 5 Genetic predisposition and environmental factors, such as diet, have both been identi®ed as major contributors in the etiology of obesity. 6, 7 The individual effects of these factors on the susceptibility to oxidative stress in the myocardium are unclear. Two animal models used in the study of the systemic effects of obesity include the fatty Zucker rat (faafa) and the overfed, overweight rat. 8, 9 In both models, the resulting obesity could increase myocardial work, but each model may impose different metabolic and mechanical in¯uences on the myocardium and possibly the level andaor type of oxidative stress. Considering the potentially important link between obesity, oxidative stress and heart disease, 10, 11 we investigated the mechanism(s) responsible for myocardial oxidative stress in both genetic and dietinduced obesity models.
At least four general potential mechanisms could contribute to the obesity-related myocardial lipid peroxidation: (a) increased myocardial work and subsequent radical production via mitochondrial respiration; 4 (b) decreased myocardial antioxidant defense; 12 ± 14 (c) increased fat deposition within myocardial tissue; 15, 16 andaor (d) increased rates of radical formation such as superoxide (O 2 À ) or the hydroxyl radical. 17 Theoretically, it is possible that all of these mechanisms are present and participate in the increase in myocardial lipid peroxidation in obesity. Nonetheless, to date, there is no experimental evidence regarding which of these mechanisms are contributors to the myocardial oxidative damage associated with obesity. Further, it is unknown if the faafa genotype and a high-fat diet can differentially in¯uence these factors. Therefore, we examined the potential contributions of the four aforementioned mechanisms to myocardial oxidative stress using two obesity models: (1) high-fat fed animals (Faa?); and (2) fatty animals possessing the leptin receptor defect (faafa). We hypothesized that the myocardial work rate (rate-pressure product) reduced levels of myocardial antioxidants (ie antioxidant enzymes and glutathione), total myocardial lipid content, and the rate of myocardial radical formation (represented by O 2 À production in isolated contracting papillary muscles) are all contributors to the obesity-related increase in myocardial lipid peroxidation. Further, we hypothesized that the obesity-related increase in myocardial oxidative stress is independent of the faafa genotype in this animal model.
Methods

Animals
These experiments were approved by the University of Florida's institutional review board for the use of animals in research. Lean and obese male Zucker rats (7 weeks of age at beginning of dietary period) were used in this experiment. This age of rat was chosen due to the inability to separate animals by body weight between the lean and obese (faafa) groups. 8 Males were used to prevent any possible antioxidant-protective effect of estrogen in females. 4 During the experimental period, animals were individually housed and maintained on a 12:12 h light:dark cycle.
Experimental diets
Animals were fed one of two experimental diets: (1) control diet; or (2) high-fat diet. The control diet contained the National Research Council's recommended daily nutrient intake (AIN-93) for rats. 18 The high-fat diet contained the same vitamin and mineral content as the control diet but was high in fat as well as re®ned sugar. This diet has been shown to induce voluntary hyperphagia and closely mimics the diet consumed by obese Americans. 19, 20 Lard served as the dietary source of added fat to the high-fat diet. Dietary antioxidant concentrations between experimental diets were identical per nutrient calorie of food, and the daily antioxidant intakes with feeding were retrospectively calculated. Diets were prepared by Research Diets Inc. (New Brunswick, NJ), and the macronutrient percentages of the diets and the speci®c macro-and micronutrients are contained in Table 1 . Obesity-induced myocardial oxidative stress HK Vincent et al Both diets contained the same amount of vitamins and minerals per kilogram of diet. The animals consumed food and water ad libitum, and energy intake was monitored daily.
Experimental design
Three groups (n 15agroup) of animals were studied: (1) lean (Faa? genotype); (2) obese, fatty (faafa genotype); and (3) obese (Faa? genotype). Groups 1 and 2 were fed the control diet for 9 weeks. Obesity was induced in a group of Faa? animals (group 3) by feeding the aforementioned high-fat, high-energy diet for 9 weeks.
Body weight, adiposity index, resting oxygen consumption Body weights were recorded at the beginning of the study and weekly thereafter until sacri®ce. A body mass index (BMI) equivalent for rats, the adiposity index, was performed in all animals using the formula: adiposity Index the cube root of the body mass (g)alength (mm) Â 10 4 . 21 The adiposity index was determined immediately prior to sacri®ce. Resting oxygen consumption (V O 2 ) of each animal was assessed at the conclusion of the feeding treatment to determine differences between groups. Prior to the measurement oxygen consumption, animals were placed in a sealed metabolic chamber with a constant¯ow of room air (3 lamin) into and out of the chamber. Animals remained in the chamber for 50 min with oxygen consumption being measured over the last 10 min. Oxygen consumption was measured by a computerized open-circuit spirometry system (Truemax, Salt Lake City, UT). The oxygen and carbon dioxide analyzers were calibrated immediately before and after the measurement of oxygen consumption using standardized gases.
Heart rate, blood pressure and heart work Systolic blood pressure (BP) and heart rate (HR) in awake, conscious animals were assessed in all animals. A tail pressure cuff system (Kent Scienti®c, model no. BP1001 and BP1004) was used to determine systolic blood pressure and resting heart rate. One lean and one obese animal were tested simultaneously to reduce any experimental variations between testing sessions. Prior to data collection, animals were placed into the warming restrainer on three different occasions for periods of 30 min to acclimate them to the protocol in an effort to reduce in¯ation of the true resting BP. BP and HR measures were collected prior to the feeding treatment, once each week, and at the conclusion of the feeding period. Heart work was estimated using the ratepressure-product. The rate-pressure-product (RPP) was calculated as the product of the systolic blood pressure and the heart rate. 22 Measurement of blood glucose, insulin and hematocrit The animals were anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mgakg). After reaching a plane of surgical anesthesia (15 min later), the chest of the animal was opened, exposing the contracting heart. Immediately prior to killing the animal, a $ 5 ml blood sample was obtained from cardiac puncture. Blood samples were collected using EDTA-treated vacutainer tubes. Hematocrit was determined via centrifugation. Plasma was then separated by centrifugation and immediately frozen for subsequent analysis of blood glucose and insulin levels. Blood glucose was assessed in duplicate using an enzymatic technique (Sigma Chemical, MO). Insulin levels were assayed in quadruplicate using a 125 I solid-phase radioimmunoassay kit (LINCO Research). In our hands, the coef®cients of variation for the glucose and insulin assays are 2 and 5%, respectively.
Myocardial lipid and water content
Immediately after death, the hearts were rapidly excised and placed in aerated ice-cold modi®ed Kreb's solution to remove the remaining blood. Following excision of the papillary muscles, the hearts were blotted and weighed immediately. A small portion of the left ventricle was quickly removed, frozen in liquid nitrogen, and stored at À80 C until assay. Myocardial lipid content was determined using a modi®ca-tion of the extraction technique of Folch et al. 23 The weight of the residue following the extraction protocol was recorded as the amount of lipid mass per unit heart weight. To determine the myocardial water content and dry weight, a previously described freeze-drying technique was used. Free radical production by contracting, isolated papillary muscles To determine whether heart tissue from obese animals generates reactive oxygen species (ROS) at greater rates, papillary muscles were isolated from the left ventricles from all animals as described previously. 7 In brief, animals were anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mgakg). After reaching a plane of surgical anesthesia (15 min later), the chest of the animal was opened, exposing the contracting heart. The heart was immediately subjected to cardioplegic arrest by infusion of ice-cold modi®ed Kreb's Hensleit buffer (all in mmolal: NaCl 115.0, NaHCO 3 20.0, KCl 4.0, K 2 HPO 4 0.9, MgSO 4 1.1, CaCl 2.5, and glucose 11.0) by a syringe through a cut in the aortic root. Ice cold buffer was applied to the heart topically to assist in cooling of the organ. After¯ushing the heart with buffer, the heart was removed from the animal and placed into an iced tissue bath with modi®ed Kreb's buffer bubbled with 95% O 2 a5% CO 2 . Under magni®cation, a papillary muscle was rapidly excised and tied with sutures on both ends. The muscle was transferred to a small tissue chamber containing warm Kreb's buffer (37 C, 30 ml) bubbled with 95% O 2 a5% CO 2 . One suture end was ®xed to the chamber, Obesity-induced myocardial oxidative stress HK Vincent et al and the other end ®xed to a force transducer (Grass Instruments, model AC. FT10). A specially designed pair of platinum electrodes provided ®eld stimulation to the muscle at the following parameters: 100 V, 50 Hz, 2 ms duration and 3 pulsesas (rate $ 180 bpm). Following a 15 min equilibration period, the muscle was stimulated for a 30 min time period. To determine whether O 2 À anions are formed at greater rates in response to electrical stimulation, the bathing medium also contained 10 À5 M cytochrome C (C-2506, Sigma Chemical). Cytochrome C is reduced as a function of superoxide production. The tissue bath was wrapped in foil to reduce photoreduction in ambient light. Following the 30 min stimulation treatment, the bathing medium was collected and analyzed spectrophotometrically for the reduction of cytochrome C. The magnitude of absorbance change at 550 nm re¯ected the amount of O 2 À in the bathing medium. 24 To con®rm that the assay was detecting O 2 À production, hypoxanthine (5 Â 10 À4 M; H-9377 Sigma Chemical) was added to xanthine oxidase (0.02 Uaml; X-4500 Sigma Chemical) to produce O 2 À that reduced cytochrome C. Alternatively, native SOD (10 3 Uaml; S-7008 Sigma Chemical) was added to the medium to test inhibition of the radical. Maximal tetanic forces were measured as an index of tissue viability and contractility.
Oxidative and antioxidant enzyme activity Citrate synthase (CS; EC 4.1.3.7) activity was used as a marker for oxidative capacity using a method described previously. 25 Superoxide dismutase (SOD; EC 1.15.1.1), selenium glutathione peroxidase (GPX; EC 1.11.1.9) and catalase (CAT; EC 1.11.1.6) activities were used as markers for antioxidant capacity using previously described procedures. 26 ± 28 All assays were performed in duplicate and on the same day to reduce interassay variation. Activities were normalized to protein in the sample using previously described spectrophotometric dye binding methods. 29 Tissue thiol measurements Tissue thiols are molecules that contain sulfhydryl groups. They are important in the regulation of both cellular redox status and antioxidant capacity. 30 Therefore, total, protein and nonprotein thiols from the left ventricle were assayed from all experimental animals. Thiol content was determined spectrophotometrically using a previously described DTNB-based technique. 31 Since glutathione is the dominant nonprotein thiol in the cell, this measure was used as a marker of tissue glutathione levels. 30 Lipid peroxidation measurements Malondialdehyde levels were determined spectrophotometrically using the thiobarbituric acid-reactive substances (TBARS) method previously described by Uchiyama and Mihara. 32 The agent 1,1,3,3-tetraethoxypropane was used as the standard for this assay. Samples were performed in triplicate. Lipid hydroperoxides were quanti®ed using the ferrous oxidationaxylenol orange technique reported previously. 33 Cumene hydroperoxide was used as the standard for this assay. In our laboratory, the coef®cients of variation for the TBARS and lipid hydroperoxide assays are $ 3 and 4%, respectively. All samples were performed in triplicate.
Oxidative challenges in vitro To investigate the relationship between obesity and myocardial antioxidant capacity, heart homogenates from all animals were subjected to a series of several different radical-generating systems. A section of the left ventricle from each heart was homogenized in ice-cold 0.9% saline at a concentration of 1 : 10. Aliquots of the homogenates were incubated at a concentration of 10 mg proteinaml in the presence of an ROS generating system. Following each challenge, the homogenates were analyzed for TBARS using the previously mentioned technique. 33 Xanthine ± xanthine oxidase system (superoxide generator).
Superoxide radicals were generated by the reactions involved in a xanthine ± xanthine oxidase system similar to the technique described by Fridovich. 34 One milliliter of 1 mM xanthine and 0.1 IU xanthine oxidase were added to a 1 ml aliquot of heart homogenate and incubated at 37 C for 15 min.
Hydrogen peroxide system. One milliliter of hydrogen peroxide (100 mM) was added directly to a 1 ml aliquot of heart homogenate and incubated at 37 C for 15 min according to the method of Scott et al.
35
Ferric chloride system (hydroxyl generator).
Hydroxyl radicals were produced in the heart homogenates by adding 0.1 mM ferric chloride (FeCl 3 ) and 1 mM ADP.
AAPH system (peroxyl generator in the lipid phase). Peroxyl radicals were generated in the aqueous phase of homogenate by thermal decomposition of 2,2 H azobis(2-amidinopropane)-dihydrochloride (AAPH). One milliliter of AAPH solution and 1 ml of heart homogenate were mixed in and incubated at 37 C for 2 h.
Statistical analysis
All dependent measures (antioxidant and biochemical parameters) were subjected to a one-way analysis of variance (ANOVA). Morphometric and physiologic measures were subjected to a repeated measures ANOVA. Signi®cance was established at P`0.05. In the case of signi®cant differences between groups, a Scheffe Â post-hoc analysis was performed to determine where differences existed. The Scheffe Â test was chosen for its very conservative disclosure of group Obesity-induced myocardial oxidative stress HK Vincent et al differences. Bivariate Pearson correlations were performed between TBARS and hydroperoxide levels and systemic, dietary and biochemical measures to determine the relationships between the degree of lipid peroxidation and these variables. Furthermore, a stepwise, forward regression was performed on select variables to determine which variables contribute most to lipid peroxidation in both models of obesity.
Results
Morphological characteristics
The morphological characteristics of the animals are found in Table 2 . Following the feeding treatment, the high-fat fed group had a signi®cantly greater BMI compared to the controls, whereas the fatty animals (faafa) had greater BMIs compared to both groups (P`0.05), indicating a range of adiposity across groups. Despite similar heart weights, the fatty group had a lower heart weightabody weight ratio compared to the controls and fat-fed groups (P`0.05). The control group and the fat-fed groups, however, had greater resting V O 2 values compared to the fatty animals (P`0.05).
Weight gain, diet and antioxidant consumption The total energy intake and dietary consumption of vitamins A and E are contained in Table 3 . Although the fat-fed group consumed less total food (P`0.05), the caloric intake of these groups was higher compared to controls (P b 0.05). This is due to the fact that the food density of the high-fat diet was 4.74 kcalag compared to the diet consumed by the lean group (3.84 kcalag). The fatty (faafa) animals consumed more total food, calories and antioxidants vitamins A and E than the control and fat-fed groups (P`0.05). Figure 1 contains the body weights data before, during and after the feeding treatment. The fatty (faafa) animals were heavier than the other two groups at the onset of the feeding regimen and during the ®rst 4 weeks. By week 5, the high-fat-fed animals became signi®cantly (P`0.05) heavier than the control group. These body weight separations remained present throughout the remainder of the feeding period.
Heart rates, blood pressures and heart work The resting heart rates of the three groups consistently ranged from 325 to 385 bpm across the feeding the period, Obesity-induced myocardial oxidative stress HK Vincent et al and did not differ (P b 0.05) at any time point (data not shown). However, the systolic blood pressures of the fatty (faafa) animals were signi®cantly higher compared with those of the other two groups during weeks 1 ± 2. By week 3, the high-fat-fed group exhibited a signi®cantly higher (P`0.05) systolic blood pressure compared to the controls (133 AE 2 high-fat-fed, 119 AE 1.6 mmHg controls, data not shown). This difference between groups persisted throughout the remaining weeks of the feeding period. The ®nal systolic blood pressures were 135 AE 4.5, 147 AE 6 and 159 AE 4 mmHg, for controls, high-fat-fed and fatty rats, respectively (P`0.05). The RPP values (de®ned as heart work) for each group during weekly assessments are shown in Figure 2 . The heart work generated by the fatty (faafa) group was signi®cantly greater (P`0.05) than that of all other groups during week 1. By week 3, the heart work generated by the high fat-fed group was signi®cantly greater than that of the controls. These differences between groups existed throughout the remainder of the study.
Hematocrit, blood glucose and insulin concentrations
The hematocrit, blood glucose and insulin concentrations are shown in Table 4 . The data indicate that the fatty (faafa) group had higher (P`0.05) glucose levels and insulin concentrations compared to the control and high-fat-fed groups.
There were no signi®cant differences (P b 0.05) in the hematocrits between the three groups.
Myocardial lipid and water content
Heart tissue characteristics are shown in Table 5 . Water content was signi®cantly higher in the controls compared to the fatty (faafa) animals, whereas the dry mass was signi®cantly higher in the fatty (faafa) animals compared to the controls. The myocardial lipid content values for the fat-fed and fatty (faafa) groups were signi®cantly greater (P`0.05) compared to the lean control animals.
Free radical production by isolated papillary muscles. The cytochrome C assay results are shown in Figure 3 . Electrolysis and bubbling of the O 2 aCO 2 gas mixture resulted in minimal O 2 À production, as evidenced by the low absorbance. High absorption values were recorded following incubation of the tissue bathing medium with hypoxanthine and xanthine oxidase, indicating the viability of the assay. Puri®ed SOD was added to the hypoxanthineaxanthine oxidase bathing medium and inhibited O 2 À production, as shown by the reduced absorbance value. Further, SOD was also added to the bathing medium containing contracting papillary muscle. The low absorbance value indicates that SOD did inhibit O 2 À reduction of cytochrome C. However, there were no detectable differences (P b 0.05) in the bathing medium absorbance values between the papillary muscle preparations from the three groups, suggesting no differences in O 2 À production. Viability of the muscle preparations were indicated by tetanic muscle forces. The average contractile forces for all groups was $ 4 mNamm 2 (range 3.9 ± 5.1 mNamm 2 ). Figure 2 Heart work values (rate pressure products systolic blood pressure Â heart rate) of lean control, high-fat-fed and fatty Zucker animals over the 9 week feeding period. Means AE s.e. are shown. *Greater than controls at P`0.05; **greater than controls and highfat-fed animals at P`0.05. Obesity-induced myocardial oxidative stress HK Vincent et al
Oxidative and antioxidant enzyme activities and glutathione
The oxidative (CS) and antioxidant enzyme activities (CAT, SOD and GPX) for left ventricular samples are shown in Table 6 . The only signi®cant difference in the enzyme activities between groups existed with total SOD and CuZn-SOD. Speci®cally, the CuZn-SOD activity was greater in the fatty (faafa) group compared to the control and highfat-fed groups. There were no other signi®cant changes in SOD activities with either model of obesity. Myocardial thiol status was measured, using the non-protein fraction as an estimation of glutathione. 18 Both the high-fat-fed and fatty (faafa) animals had elevated levels of glutathione compared to the controls (P`0.05) following the 9 weeks of feeding. Figure  4a . The data indicate that the high-fat-fed and fatty (faafa) groups had signi®cantly (P`0.05) higher tissue hydroperoxide levels compared to the controls. Furthermore, basal TBARS (Figure 4b ) levels were also elevated (P`0.05) in the fat-fed and fatty (faafa) groups compared to controls.
Lipid peroxidation Left ventricular hydroperoxide content is shown in
The results for the oxidative challenges in vitro are found in Figure 5a . Following the FeCl 3 challenge, the H 2 O 2 challenge, and the xanthineaxanthine oxidase challenge in vitro, lipid peroxidation was greater in the high-fat fed and fatty (faafa) groups compared to controls. There were no differences (P b 0.05) between groups following the AAPH challenge. When expressed per milligram lipid (Figure 5b ), lipid peroxidation levels did not differ between any group following the FeCl 3 challenge and the xanthineaxanthine oxidase challenge. However, the fat-fed and fatty (faafa) groups had lower TBARS content following the H 2 O 2 and AAPH challenges compared to the controls, suggesting that lipid peroxidation is dependent on the amount of lipid substrate present for oxidation. Obesity-induced myocardial oxidative stress HK Vincent et al
Correlations between lipid hydroperoxides and physiologic measures
Pearson correlations were performed between lipid hydroperoxides and the potential radical-generating biochemical and physiologic pathways to determine which measures best correlate with myocardial lipid peroxidation ( Table 7) . Lipid hydroperoxide content is correlated with (systolic blood pressure and) heart work and myocardial lipid content. Considering that these same variables were also signi®cantly correlated with myocardial TBARS content (data not shown), heart work and blood pressure may be good noninvasive predictors of myocardial oxidative stress.
Stepwise regression model for myocardial lipid peroxidation.
A stepwise regression was performed to determine those variables that most closely predict myocardial lipid peroxidation (hydroperoxidesamg lipid). The results are found in Table 8 . These data suggest that lipid content contributes most to the myocardial lipid peroxidation observed in both obesity models (regression equation: y À0.0096x 0.731).
In addition to lipid content, heart work, cytochrome C reduction (evidence of excessive superoxide production), CuZn-SOD and CAT activities contributed to the regression model, although the individual contributions were not signi®cant (P b 0.05).
Discussion
Overview of principal ®ndings
This investigation tested the hypothesis that an increased rate of superoxide O 2 À production, insuf®cient antioxidant defenses, heart work andaor total myocardial lipid content are potential contributors to myocardial lipid peroxidation in obesity. Our results revealed that no differences existed between lean and obese animals in the rate of superoxide produced by isolated contracting papillary muscles in vitro. Further, compared to lean animals, essential components of the myocardial antioxidant defense system are not impaired in obese fat-fed (Faa?) and obese (faafa) animals. In contrast, both heart work (RPP) and lipid content of the myocardium from the obese fat-fed (Faa?) and obese (faafa) groups were greater (P`0.05) compared to the lean controls. Although Figure 5 Basal and post-oxidative challenge TBARS levels from left ventricular homogenates in lean control, high-fat-fed and fatty Zucker rats. *Different from corresponding control value at P`0.05. Obesity-induced myocardial oxidative stress HK Vincent et al heart work was higher in obese animals compared to lean controls, these differences were small and the correlation between heart work and myocardial lipid peroxidation was low (r 0.35). In contrast, myocardial lipid content and the levels of cardiac lipid peroxidation were highly correlated (r 0.87). Hence, it appears that of the proposed major contributors, myocardial lipid content is closely associated with the magnitude of myocardial oxidative stress in obese animals. Importantly, our results reveal that myocardial levels of hydroperoxides and TBARS are not different (P b 0.05) between the high-fat fed and faafa obese animals. This ®nding suggests that the leptin receptor defect (faafa) is not directly responsible for myocardial oxidative stress in obesity. Further, the level of myocardial lipid peroxidation (hydroperoxides) was signi®cantly correlated (P`0.05) with the level of adiposity and was independent of genotype. In the following sections, we discuss the contribution of four potential mechanisms that could contribute to the elevated lipid peroxidation in obesity.
Lipid peroxidation in myocardial tissue of obese animals Previous reports indicate that lipid peroxidation is elevated in both liver and plasma in humans and obese animals. 12, 36 Furthermore, diets enriched in fats (either saturated or unsaturated) are also associated with increased lipid peroxidation in several tissues such as aorta, liver and plasma. 23, 36 The current study provides novel data that obesity induced by either the leptin receptor defect or high-fat feeding is associated with similar levels of oxidative injury.
Superoxide radical production by isolated papillary muscles The rate of release of superoxide anions from contracting papillary muscles in vitro did not differ between our experimental groups. Nonetheless, a clear interpretation of these observations is complicated by two considerations. First, compared to lean controls, it is possible that contracting papillary muscles from our obese animals produced more superoxide anions. However, because myocardial antioxidant defenses were actually elevated (GSH, CuZn-SOD activity) in the hearts of obese animals, it is possible that radicals produced by the papillary muscles were scavenged rapidly. 24 Hence, these radicals did not diffuse into the medium surrounding the tissue and escaped measurement by our system.
A second consideration is that the rate of superoxide production from ventricular tissue may differ from our papillary muscle model. Although isolated papillary muscles are widely used as a model for ventricular contractility and performance, 7 signi®cant metabolic differences could exist between the papillary muscle and ventricular myocytes that prevents the direct extrapolation of these ®ndings to the ventricles. Additional experiments comparing O 2 À formation in the working isolated whole heart and the papillary muscle could be performed to clarify this issue.
Compromised antioxidant defense
Obesity is associated with lower plasma or tissue levels of antioxidants andaor increased susceptibility to injury during oxidative challenges in vitro. 1, 12, 13, 36 However, our measurements of major antioxidants indicate that the antioxidant defense system of obese animals was not compromised compared to hearts from lean animals. In fact, compared to hearts from lean animals, myocardial levels of the thiol antioxidant, glutathione, were increased in both the highfat-fed and fatty (faafa) groups. Increases in antioxidant enzyme activities were also present in the obese (faafa) animals. Hence, the antioxidant capacity of the myocardium from obese animals does not appear to be depressed.
It is well established that GSH concentration increases in tissue in response to free radical formation in an effort to protect cells against oxidative damage.
30 Further, the increased activity of CuZn-SOD in the ventricles of fatty (faafa) animals provides additional support to the notion that there was an increased production of radicals (ie O 2 À ) in cardiac myoctes of obese (faafa) animals. 4 The adaptation of the primary antioxidant defense in the hearts of high-fat-fed animals appeared to be less complete, as indicated by the failure of any antioxidant enzyme activity to increase in the hearts of animals on the high-fat diet.
It is noteworthy that, despite the increased consumption of antioxidants vitamins E and A by the fatty (faafa) animals compared to the other two groups, ventricular tissue was not protected against lipid peroxidation. This failure to protect against basal levels of lipid peroxidation in the faafa rat suggests that even increased dietary antioxidants in these prepared diets were either (1) not in suf®cient quantities to protect against peroxidative processes that occur in the fatty rat or against peroxidation in the disproportionately high ventricular fat substrate amount in the obese faafa rat to protect against oxidative damage, or (2) the vitamins did not incorporate into the myocardium ef®ciently and were metabolized.
Heart work
It is well established that that elevated myocyte work (ie mechanical overload) is associated with increased free radical production. 4, 30 Mechanical overload-induced increases in muscle oxygen consumption accelerate electron¯ux through the mitochondria in proportion to the need for ATP. This results in increased electron leakage from the electron transport chain and increased production of superoxide anions. 4 It follows that excessive radical formation can trigger a cascade of oxidative reactions that result in lipid peroxidation. 2 The current experiments estimated heart work using the rate-pressure-product (RPP), and index of myocardial O 2 Obesity-induced myocardial oxidative stress HK Vincent et al consumption. Compared to controls, the RPP was signi®-cantly higher in both the fatty (faafa) animals and the obese high-fat-fed animals. Further, the RPP was signi®cantly higher in the fatty (faafa) animals compared to the high-fat fed animals. This elevation appeared to be predominantly due to elevated SBP. In obesity, elevations in SBP increase afterload, ventricular contractile work and ventricular O 2 consumption. 10 It is likely that the obesity-induced increased myocardial O 2 consumption directly contributes to elevated lipid peroxidation. 2, 24 Although the RPP values at rest were signi®cantly correlated with both measures of lipid peroxidation, these correlation coef®cients are relatively low. Hence, this observation suggest that the contribution of increased heart work to the obesity-induced lipid peroxidation is not large in resting conditions (Table 8) .
There are at least two explanations for the failure of the increasing increments in heart work to proportionately increase lipid peroxidation across the experimental groups. First, it is possible that the obese animals were responding to the (hypertension-induced) elevated heart work by improving elements of the myocardial antioxidant defense (GSH or CuZn-SOD). Even small elevations in the antioxidant capacity may provide enough protection 24 in the heart to remove reactive oxygen species generated by the hypertensioninduced elevations in heart work. Second, it is possible that the hypertension-induced increase in myocardial work at rest was not at the level required to induce a work-related effect on lipid peroxidation. Regardless, our data do not strongly support the notion that obesity-induced hypertension (elevated heart work) is a major contributor to raised basal levels of myocardial lipid peroxidation in obesity.
Elevated total lipid content
Myocardial tissue from the high-fat-fed and fatty (faafa) animals contained more lipid (P`0.05) and higher levels of lipid peroxidation compared to myocardial tissue obtained from the control animals. A potential mechanism for increased lipid damage in obesity is that increased lipid substrate within the myocardium can serve as a larger target for oxidation by free radicals. 2, 16 Increasing the number of lipid molecules within the cardiovascular system (within the cardiac cells and embedded within the coronary vasculature intimal layers) may amplify lipid peroxidation injury. 11 In the high-fat feeding model, it seems possible that the elevated lipid content is due to fat storage within the myocytes 39 and fat deposition onto the coronary endothelium. 37 Finally, the series of oxidative challenges revealed that the degree of lipid peroxidation following the H 2 O 2 , FeCl 3 and xanthineaxanthine oxidase challenges was related to amount of myocardial lipid (Figure 5a and b) . Based on these data, and the high correlation between myocardial lipid content and lipid peroxidation products (r 0.87), it appears that myocardial lipid content is an important contributor to myocardial lipid peroxidation in both high-fatfed animals and faafa animals. 38 
Conclusions
Obesity induced by high-fat feeding or a leptin receptor defect (faafa) is associated with similar elevated levels of basal myocardial lipid peroxidation. This indicates that the leptin receptor defect (faafa) is not directly responsible for myocardial oxidative stress in obesity. These data do not support the notion that an increased rate of O 2 À production or reduced levels of elements of the myocardial antioxidant defense are major contributors oxidative stress. Further, these data do not support the concept that heart work (rate pressure product at rest) is a major contributor to basal myocardial lipid peroxidation in obese animals. In contrast, total lipid content and the level of cardiac lipid peroxidation were highly correlated. Therefore, it seems likely that the myocardial lipid content is a signi®cant factor in determining the magnitude of myocardial oxidative stress in obese animals.
